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Understanding environmental influences on sex ratios is impor-
tant for the study of the evolution of sex-determining mechanisms
and for evaluating the effects of global warming and chemical
pollution. Fishes exhibit sexual plasticity, but the underlying mecha-
nisms of environmental effects on their reproduction are unclear even
in the well-established teleost research model, the zebrafish. Here we
established the conditions to study the effects of elevated tempera-
ture on zebrafish sex. We showed that sex ratio response to elevated
temperature is family-specific and typically leads to masculinization
(female-to-male sex reversal), resulting in neomales. These results
uncovered genotype-by-environment interactions that support a
polygenic sex determination system in domesticated (laboratory)
zebrafish. We found that some heat-treated fish had gene expression
profiles similar to untreated controls of the same sex, indicating that
they were resistant to thermal effects. Further, most neomales had
gonadal transcriptomes similar to that of regular males. Strikingly, we
discovered heat-treated females that displayed a normal ovarian
phenotype but with a “male-like” gonadal transcriptome. Such major
transcriptomic reprogramming with preserved organ structure has
never been reported. Juveniles were also found to have a male-like
transcriptome shortly after exposure to heat. These findings were
validated by analyzing the expression of genes and signaling path-
ways associated with sex differentiation. Our results revealed a last-
ing thermal effect on zebrafish gonads, suggesting new avenues for
detection of functional consequences of elevated temperature in nat-
ural fish populations in a global warming scenario.
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Amajor paradox in developmental biology is the lack ofconservation of sex-determining mechanisms even in closely
related taxa (1). Thus, in mammals and birds, sex is genetically
canalized by a chromosomal sex determination (CSD) system of
male (XX/XY in mammals) or female (ZW/ZZ in birds) het-
erogamety, driven by the action of a master sex-determining gene:
sry in mammals and dmrt1 in birds (1). In contrast, fish sex can be
very plastic, with the combination of genetic and environmental
influences (2). In addition to fish species with CSD, there are
species with polygenic sex determination (PSD), in which sex de-
pends on the combined action of several promale and profemale
genetic factors, and species with temperature-dependent sex de-
termination (TSD) (3). Understanding how the environment in-
fluences sex ratios in vertebrates is of fundamental importance in
the study of the evolution of sex-determining mechanisms (4, 5). It
is also of practical relevance in evaluating the effects of climate
change and chemical pollution (6, 7).
The effects of temperature on gene expression during sex
differentiation have been investigated in different teleost species,
including the African catfish, Clarias gariepinus (8), European
sea bass, Dicentrarchus labrax (9, 10), Japanese flounder, Para-
lichthys olivaceus (11), pejerrey, Odontesthes bonariensis (12), and
Nile tilapia, Oreochromis niloticus (13, 14). Regardless of the
actual underlying sex-determining mechanism, a shared charac-
teristic of all fish species in which temperature can alter sex
ratios is that exposure to heat during early development up-
regulates the expression of genes related to testis differentiation
with a concomitant down-regulation of genes related to ovarian
differentiation, as assessed in several species (e.g., 9, 13, 15–17).
This results in an increase in the proportion of males (18) and
implies that some genetic females (XX or ZW females) in CSD
species, or fish that otherwise would develop as females in a PSD
system, end up developing as phenotypic males despite their
genetic makeup. These masculinized or sex-reversed females are
called “neomales,” and have testicular structure (19) and gene
expression profiles similar or identical to those of males (20, 21)
and can produce viable sperm. In fact, in several farmed species
with male heterogametic sex determination, hormone- or heat-
induced XX neomales are crossed with regular XX females and
used for the production of all-female stocks (22). However, a com-
plete picture of the underlying molecular mechanisms of heat-induced
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sex reversal in fish, including signaling pathways, is far from clear. In
addition, interesting problems such as why some females resist heat-
induced masculinization whereas others do not and whether there
are morphological and/or transcriptomic differences between these
two classes of females have never been investigated.
The zebrafish (Danio rerio) is a small tropical fish that has
become an established model for many fields of research. Sex
differentiation starts about 10 d post fertilization (dpf) with the
development of a juvenile ovary in all individuals, regardless of
the actual sexual genotype (23, 24). Then, during the 21- to 35-dpf
period, in the future males the juvenile ovaries undergo apoptosis
and are transformed into testes, with interindividual variation in
the timing and duration to complete this process. In contrast,
ovarian differentiation continues in the future females (25), with
an increase in cytoplasm volume of oocytes at around 60 dpf.
Transcriptomic analysis of zebrafish sex differentiation has shown
that apoptosis (24), activated by the p53 signaling pathway (26), is
required for testis differentiation, whereas up-regulation of the
canonical Wnt and NF-κB signaling pathways is needed for ovarian
differentiation (27, 28).
Zebrafish sex differentiation is, therefore, well-understood in
its major aspects. In contrast, its primary sex-determining system
was unclear until recently. Data from most cytogenetic studies
(for a review, see ref. 29) and breeding experiments (30, 31)
indicated the lack of sex chromosomes, pointing to PSD, whereas
a hormonal sex reversal experiment (32) and restriction site-
associated DNA (RAD) mapping data from crosses involving
wild-type parents pointed toward a ZZ/ZW CSD system (33, 34).
Eventually, comparative analysis of wild-caught and domesti-
cated lines indicated the presence of sex chromosomes in the
former and the apparent loss of the region harboring the sex-
determining gene during the domestication process in the latter
(34). This change in the mode of SD might be the cause for
domesticated zebrafish being more susceptible to environmental
changes and therefore well-suited for studying the effects of
elevated temperature on its development.
In domesticated zebrafish, the effects of elevated temperature
have been studied after exposure periods concerning embryos (35),
juveniles (36, 37), or development until adults (38, 39). In agree-
ment with the general pattern in fish (18), elevated temperatures
result in a higher number of males, although, surprisingly, one study
reported more females (40). However, most of the above experi-
ments involved progeny derived from a single family, mixtures of
several broods, low sample sizes, or offspring from gynogenetic
parents, the latter raising the possibility of unaccounted effects of
inbreeding. In addition, transcriptomic studies in zebrafish on the
effect of exposure to heat are limited and were usually performed
shortly after heat treatment (41). Therefore, a detailed study on
how elevated temperature affects sex ratios in a family-dependent
manner and the long-term transcriptomic effects in domesticated
zebrafish with PSD is not available.
Thus, domesticated strains of zebrafish, by virtue of having lost
the primary switch of their SD system, provide an excellent op-
portunity to investigate, in a well-established model rich in genomic
resources, the influences of the environment on sex determination
and gonad differentiation. In this study, we used a combination of
approaches to characterize the sex ratio response to temperature in
this model and, importantly, to study the underlying molecular
mechanisms responsible for heat-induced masculinization.
Results
Defining Conditions for Studying Temperature Effects on Zebrafish
Sex Ratios. The sex ratio determined for 11 different pairs of
the AB strain by growing their offspring to maturity at control
temperature (28 °C) ranged from 13 to 100% males (Fig. 1A; for
details, see SI Appendix, Materials and Methods). First, we per-
formed experiments to determine whether temperature affected
the adult sex ratio and, if so, to delineate the optimal conditions
of heat treatment for this study. Thus, we subjected eight families
(3, 4, 5, 6, 7, 8, 10, and 11) to four different temperatures: 22 °C,
28 °C, 34 °C, and 36 °C. Treatments were administered during
three different developmental periods: 0 to 14, 7 to 21, and 18 to
32 dpf. The lowest temperature (22 °C; LT) did not cause a
significant change in sex ratio compared with untreated controls
in any of the three periods tested (SI Appendix, Fig. S1), and
therefore this temperature was not further considered. Tem-
perature treatment during the 0- to 14-dpf period resulted in
survival rates below the acceptable standards recommended by
the Organisation for Economic Cooperation and Development
(OECD)’s Fish Sexual Developmental Test on zebrafish (42),
and thus this period was excluded from the following experi-
ments. The analysis of the 7- to 21- and 18- to 32-dpf periods
gave similar results, so we chose the latter because fish were
more robust after that treatment. Results obtained after applying
34 °C indicated that there was little or incomplete masculiniza-
tion. At 36 °C (HT), a significant increase in the masculinization
rate was observed compared with the control temperature
(28 °C; CT) (P < 0.05; Fig. 1B). Although masculinization was
still incomplete, the proportion of males obtained was higher
than at 34 °C. Thus, we performed the subsequent heat treat-
ments at 36 °C and during the exposure period of 18 to 32 dpf.
Sex Ratio Response to High Temperature Is Family-Dependent in
Zebrafish. When the offspring from six families (1, 2, 4, 6, 8,
and 9; Fig. 1A) were subjected to heat treatment (36 °C; 18 to 32
dpf) and were compared with their respective controls, three of
them (1, 2, and 6) had a significant (P < 0.05) increase in the
proportion of males, two of them (4 and 9) had a modest, non-
significant (P = 0.07) increase, whereas for family 8 the sex ratio
of the offspring remained unchanged (Fig. 1C). These results
show that, although the extent of masculinization was family-
specific, in most cases higher temperatures led to an increased
proportion of males, denoting the existence of a clear genotype-
by-environment (GxE) interaction during gonad differentiation.
One of the families (2; 30% males; Fig. 1D) shows a female-
biased family at control temperature that became male-biased
(90% males) after heat treatment. Thus, it was estimated that a
substantial proportion (60%) of the heat-treated fish underwent
sex reversal to become phenotypic males (neomales; Fig. 1D).
The remaining 10% in the population represent heat-resistant
individuals that continued to develop as females despite the heat
treatment. Whether there is an underlying genetic difference
between these females and the neomales is not known.
The survival of control and heat-exposed fish was measured at
three different time points: 6, 50, and 90 dpf. Survival was always
within the acceptable limits defined by OECD-recommended
standards (42). There was an overall significant (P < 0.01) reduction
in the number of fish surviving at 50 dpf compared with 6 dpf for
both control and heat-treated groups (SI Appendix, Fig. S2A), in-
dicating that the mortality was not due to temperature. Thereafter,
the number of surviving fish did not significantly change until they
were sampled at the end of the experiment at 90 dpf. Furthermore,
at each considered age there were no significant differences be-
tween the survivals of heat-treated fish compared with controls (SI
Appendix, Fig. S2A). Therefore, observed sex ratio results are not
due to differential survival of one sex with respect to the other.
At 90 dpf, there were no statistically significant differences
between the body weight and standard length of males and fe-
males exposed to elevated temperature during the thermosensitive
period compared with controls of the same sex (SI Appendix, Fig.
S2B). These results indicated that effects observed in the gonadal
transcriptome (see section below) of heat-exposed individuals
were due to a direct temperature effect on the gonads and not to
indirect temperature effects through possible differences in size.
When the maturation level of gonads was checked visually and
histologically at 90 dpf, we found three types of gonads in both
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sexes: immature (type 1), maturing and differentiating (type 2), and
mature and differentiated (type 3) (for a detailed description of these
three gonadal types in both sexes, see SI Appendix, Materials and
Methods, Fig. S3, and Table S1). We found differences in gonadal
maturation depending on temperature treatment and sex. At control
temperature, type 1 gonads were observed in more than half of the
males examined, as opposed to only one-fifth of the females (SI
Appendix, Fig. S2 C and D, respectively). Interestingly, at high tem-
perature, a significantly higher percentage of type 3 gonads was ob-
served in males (43.8% vs. 21.8%; P < 0.001) compared with controls
(SI Appendix, Fig. S2C), whereas, in contrast, in females the pro-
portion of type 3 gonads was reduced from ∼50% in the controls to
∼37% in the fish exposed to 36 °C, although differences were not
statistically significant (SI Appendix, Fig. S2D).
Compared with 34 °C, treatment at 36 °C also increased the
incidence of deformities, ranging from 0 to 42.6%, depending on
the family, as observed in a subset of samples (n = 53 individ-
uals). Deformities included a swollen belly, spinal cord malfor-
mation, and loss of pigmentation, regardless of the treatment
period. However, all fish used for transcriptomic analysis had
a normal morphology.
Transcriptomic Analysis of Adult Zebrafish Gonads Revealed an
Unexpected Complexity in the Expression Profiles as a Result of
Heat Treatment. For microarray analysis, we used a custom-
designed array (see SI Appendix,Materials and Methods for details)
and individuals from one family (2; Fig. 1C) with a female-biased
sex ratio (30% males) at 28 °C and with a strong masculinization
effect (90% males) at 36 °C (Fig. 1D) to maximize the probability
of finding neomales. We isolated the gonads from 4 adult females
and 10 adult males at 90 dpf of each group (28 °C and 36 °C), and
the whole gonad for each fish was hybridized individually. A higher
number of males than females were analyzed to increase the chance
for identifying potential differences between the transcriptomes of
males and neomales.
When the resulting expression profiles were subjected to princi-
pal component analysis (PCA; see Dataset S1 for PCA loadings),
two distinct transcriptomic profiles were observed for the control
group (28 °C; CT), corresponding to control females (FCT) and
control males (MCT), as expected (Fig. 1E and SI Appendix, Table
S2). A large number of transcripts (14,783) were differentially
expressed between these two groups (Fig. 2A). These differences
were not due to temperature but to sex, and represent a substantial
proportion of protein-coding genes in zebrafish (43). This concurs
with previous observations (44–46) showing large sex-related dif-
ferences in the gonadal transcriptome of the adult zebrafish.
Among the 10 HT males randomly selected from this family for
transcriptomic analysis, we observed two different profiles (Fig. 2A
and SI Appendix, Fig. S4A): Eight of the 10 sampled HT males
exhibited what we named the MHT1 profile (SI Appendix, Table
S2), namely transcriptomically identical to MCT (a complete lack
of differentially expressed transcripts; DETs; Fig. 1E). This re-
semblance was also reflected by comparing MHT1 and MCT
males vs. FCT females, because a similar number of DETs were
observed (14,666 and 14,783, respectively). The remaining two HT
males had an MHT2 profile and formed a distinct cluster on the
PCA plot (Fig. 1E). Based on the proportions of HT fish (Fig.
1D), we expected three or four normal males and six or seven
neomales, which would have developed as females at control
temperature (SI Appendix, Fig. S4B). This showed that some of
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Fig. 1. Masculinizing effect of early high-temperature treatment in zebrafish. (A) Sex ratio variability in zebrafish broods originating from 11 different families
when reared at control temperature (28 °C). For five families (4 to 7 and 9), where two to six broods from repeated crosses were analyzed, the mean ± SEM is shown.
A total of 1,202 fish were used. (B) Early treatment (18 to 32 dpf) with high temperature (36 °C) increased the proportion of males. The mean ± SEM of six in-
dependent families for control (28 °C; n = 421) and treated (36 °C; n = 316) groups is shown. Statistically significant differences were found between the two sex
ratios (P < 0.05; χ2 test). (C) Genotype-dependent variation of the sex ratio response to high temperature (36 °C), as illustrated by the broods originating from six
different families. Lines between data points represent significant (solid) and nonsignificant (dashed) differences between control (28 °C) and heat-treated (36 °C)
groups. The number of offspring individuals sexed per family were as follows: family 1, n = 110; family 2, n = 92; family 4, n = 112; family 6, n = 168; family 8, n = 56;
family 9, n = 199. # indicates family IDs from A. (D) Increase in male proportion at 90 dpf after early exposure to high temperature (36 °C; 7 to 32 dpf; n = 51) in a
zebrafish brood originating from a family (#2) that produced a female-biased offspring (70% females) when reared at control temperature (28 °C; n = 41). FCT,
females control temp. FHT, females high temp. MCT, males control temp. MHT, males high temp. (E) Clustering of untreated controls (28 °C; blue) and heat-treated
(36 °C; orange) 90-dpf fish based on their gonadal transcriptome profiles by principal component analysis (PCA). Whereas the majority of males and females formed
a tight group each, two males (MHT2) and two females (FHT2) with different profiles could be observed in both sexes among fish exposed to 36 °C.
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the heat-induced neomales had gonadal expression profiles iden-
tical to those of regular males. Thus, both MHT2 males are likely
to be neomales, with gonadal transcriptomes that differed from
MHT1 males and FCT females by 792 and 13,057 DETs (Dataset
S2), respectively. Likewise, half of the MHT1 males are also likely
to be neomales.
For HT females, we found that (i) the PCA plot revealed two
very distinct transcriptomic profiles, which we named FHT1 and
FHT2 females (Fig. 1E); (ii) expression analysis showed that
FHT2 females had a much higher number of DETs compared
with FCT females (9,651) or even with FHT1 females (7,593) than
with MHT2 males (1,188) (Fig. 2A); (iii) hierarchical clustering
further supported the above observations by placing FHT2 fe-
males into the same clade with the males (SI Appendix, Fig. S4A).
Together, these results showed that the gonadal transcriptome of
FHT2 females was strikingly similar to that of males, despite
having female gonadal morphology. On the other hand, the
transcriptomic profile of the remaining high temperature-exposed
females (FHT1) was very similar to that of control females, with
only 20 DETs observed between the two groups (Fig. 2A and
Dataset S2).
Thus, PCA-based classification of the gonadal transcriptome
profiles, which explained more than half of the total ob-
served variance (51.6%), allowed a clear arrangement of
the different transcriptomic profiles in a Cartesian space
(FCT→FHT1→FHT2→MHT2→MHT1→MCT) based on the
magnitude of DETs among them (Fig. 2A and Dataset S2). In
summary, we found a good match overall between the number of
males and females, as determined by visual and histological
gonadal analysis, and the results from the microarray-based
transcriptomic analysis. Females appeared to show a more var-
iable response to heat-induced masculinization than males,
potentially indicating a threshold-based mechanism, and some of
the gonadal/transcriptomic combinations produced in the former
were unexpected.
Expression Analysis of Selected Genes Confirmed the Existence of
Distinct Gonadal Transcriptomes in Both Sexes of Heat-Treated
Zebrafish. Next, we performed a pairwise comparison of the go-
nadal transcriptomic profiles of heat-treated fish that had the
largest differences with those of control females (i.e., FHT2,
MHT2, and MHT1 vs. FCT) and also comparisons among heated
males and females (i.e., FHT1 vs. FHT2, FHT2 vs. MHT2, and
MHT2 vs. MHT1) and searched for both up- and down-regulated
DETs, creating separate lists per comparison (Dataset S2).
Among these lists, we looked at the expression of 48 genes se-
lected for their importance for reproduction and sex differentia-
tion in fish (SI Appendix, Materials and Methods and Dataset S3).
Among the comparisons, we found that some genes with promale
function (e.g., dmrt1, amh, hsd11b2, cyp11c1) were up-regulated in
control (MCT) and heated males (MHT1 and MHT2) compared
with control females (FCT) but also in FHT2 heated females
(FHT2 vs. FCT), whereas some genes with profemale function
(e.g., cyp19a1a, foxl2, fancl, esr2a, figα) were down-regulated in all
of the mentioned comparisons (full gene names and their abbre-
viations can be found in SI Appendix, Table S7, and in Dataset S2).
None of these genes were differentially expressed between FHT1
and FCT, and only a few between MHT1 and MCT, MHT2 and
MHT1, and MHT2 and FHT2, indicating transcriptomic similarity
between the groups in these comparisons.
These lists were used for Gene Ontology (GO)-enrichment
analysis (SI Appendix, Materials and Methods). In the biological
process (BP) category, there were 700 GO terms found to be
enriched between the three comparisons that are potentially in-
volved in masculinization (Fig. 2 B and C). The differentially
expressed cellular component (CC) and molecular functions (MF)
GO terms are shown in SI Appendix, Fig. S5, and all of the above-
mentioned GO terms are listed in Dataset S4. Some GO terms that
were enriched in the up-regulated DET lists of FHT2, MHT2, and
MHT1 were related to the male pathway, such as spermatid de-
velopment (GO:0007286) and insulin-like growth factor binding
(GO:0005520). On the other hand, the down-regulated DET lists
were enriched with GO terms related to the female pathway,
such as gonad development (GO:0008585), sex differentiation
(GO:0046660), and ovarian follicle development (GO:0001541).
To validate the microarray results and obtain expression data
from key reproduction-related genes, we performed quantitative
(q)PCR analysis on a subset of 35 genes that showed significantly
different expression levels in at least one of the following com-
parisons: MHT1 vs. FCT, MHT2 vs. FCT, FHT2 vs. FCT, and
MCT vs. FCT. The direction and magnitude of change for over
two-thirds of the genes examined (mean, 80.5%; range, 62.5
to 92.5%) showed an agreement between the two methods,
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parison of gonadal transcriptome profiles between control and heat-treated
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two different gonadal transcriptomes are observed at the control temperature
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posure to high temperature resulted in two female transcriptomes, FHT1 and
FHT2, as well as two male transcriptomes, MHT1 and MHT2 (Upper). The FHT2
and MHT2 transcription profiles differed not only from each other but also
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thus validating our microarray results (SI Appendix, Tables S3
and S4).
A heat map was generated using the expression profiles of these
35 genes determined by qPCR (SI Appendix, Fig. S6). The den-
drogram showed two major branches, one containing only females
(FCT and FHT1 clades) and the other branch containing all of the
males together with the two FHT2 females. This clustering showed
that the transcriptome of FHT2 females was more similar to those
of the males than of FCT females, confirming the previous PCA
results (Fig. 1E). Furthermore, genes were grouped into two major
branches, one containing genes involved in male sex differentiation
(e.g., amh, dmrt1, cyp11c1, etc.) and the other containing genes
involved in female sex differentiation (e.g., cyp19a1a, foxl2, vtg5,
etc.) (Fig. 3 and SI Appendix, Fig. S6 and Table S3). The expression
profiles of both gene subsets were in agreement with the expected
changes in both sexes. Genes involved in male sex differentiation
showed higher expression levels in the three male groups (MCT,
MHT1, and MHT2) and, interestingly, in the FHT2 group as well
(Fig. 3 A–C). The opposite pattern was observed for genes involved
in female sex differentiation (Fig. 3 D–F).
Then, we compared the expression profiles of these 35 vali-
dated genes across the six identified transcriptome types by
performing pairwise comparison, with FCT as the reference
group (SI Appendix, Table S3). Results showed that there were
no significant differences between FHT1 and FCT, indicating a
strong concordance in expression levels. Furthermore, 25 and 26
genes in MHT1 and MCT, respectively, showed significantly
different expression levels (P < 0.01) compared with FCT.
Compared with FCT, the FHT2 and MHT2 groups had 19 and
17 DE genes, respectively. These data provided yet another level
of confirmation for, on one hand, the similarity between both
female groups (FHT1 and FCT) and that of male groups MHT1
and MCT and, on the other hand, the Cartesian arrangement
previously observed with the PCA.
Appearance of a Male-Like Transcriptome in Juveniles After Heat
Exposure. Results presented so far were obtained in adult zebra-
fish at 90 dpf, 2 mo after the end of the heat treatment, and thus
represent long-lasting consequences of heat exposure on the
gonadal transcriptome. We were also interested in assessing the
immediate effects of heat exposure. Thus, we collected 10 control
(JCT) and 10 heat-exposed (JHT) juveniles from another heat-
responsive family (1; Fig. 1C; percent males at 90 dpf: controls, 13%;
heat-exposed, 88%) by sampling them at 37 dpf, that is, 5 d after the
end of the heat treatment, to avoid the period of heat shock protein
induction. We performed microarray analysis on RNA samples
obtained from body trunks (as at this stage the gonad was too small
to isolate) and found two outliers from the JCT samples due to poor
hybridization results, which were removed from further analysis.
PCA of the microarray results revealed two groups in the control
juveniles, named JCT1 (five individuals) and JCT2 (three individ-
uals) (Fig. 4A). We found 425 DETs between these two groups
(Dataset S2). Sexing of the juvenile zebrafish by examining external
phenotypes at this age is not possible. Therefore, we included in the
hierarchical clustering samples from the Tg(vasa:vasa-egfp) trans-
genic line (47) collected at similar age (35 and 42 dpf), because it
allows for early sexing from 16 dpf onward (25). This way, we were
able to infer the sex of the two juvenile groups at control temper-
ature (JCT1 and JCT2). All JCT1 samples formed a clade with
those transgenics that had strong gonadal fluorescence, indicating
future females (Fig. 4B). In contrast, all JCT2 samples clustered with
those that had very weak fluorescence intensity, denoting future
males. Transcriptome-based molecular sexing for the whole group of
JCT juveniles showed a female-biased sex ratio, in agreement with
the adult sex ratio of this family. Then, we applied the same pro-
cedure to the JHT juveniles and found that all of them clustered
with transgenic fish exhibiting weak gonadal fluorescence and JCT2
juveniles (Fig. 4B), indicating that all of them had a “male-like”
transcriptomic profile after heat treatment even though they showed
a diffuse profile on the PCA plot (Fig. 4A).
We found 75 second-level GO terms (BP, CC, and MF)
showing significant differences when comparing JCT2 vs. JCT1
(all of them down-regulated) and 295 GO terms in JHT vs. JCT1
(Dataset S4). There were 68 GO terms that were common
between the two comparisons and therefore related to male
differentiation (JCT2 and JHT groups). Some of those were
involved in female sex differentiation and down-regulated, for
example female gamete generation (GO:0007292) and oogenesis
(GO:0046620). However, some of the GO terms related to the
male pathway were also down-regulated compared with JCT1
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(profemales), for example spermatid development (GO:0007286)
and spermatogenesis (GO:0007283). Interestingly, and exclusively
related to the heat response (only found in the JHT vs. JCT1
comparison), we found a down-regulation of some GO terms as-
sociated with female sex differentiation such as oocyte maturation
(GO:0001556) and ovarian follicle development (GO:0001541),
suggesting that reprogramming was taking place already at the
time of heat exposure.
We also performed qPCR analysis on the juvenile samples using
26 of the 35 DE genes validated in adults. In the JCT2 vs. JCT1 and
JHT vs. JCT1 comparisons, the expression of more than two-thirds
(84.6% and 76.9%, respectively) of the genes examined showed a
significant (P < 0.05 and P < 0.01, respectively) change in the same
direction with both methods (SI Appendix, Table S4). Genes involved
in testis differentiation, such as dkk3 or cyp11c1, were up-regulated in
the JCT2 and JHT groups, whereas those related to ovarian devel-
opment, such as cyp19a1a or zp2, were down-regulated, as previously
found in adults. Overall, the qPCR results (SI Appendix, Fig. S7 and
Table S4), together with the hierarchical clustering data (Fig. 4B),
indicated that both JHT and JCT2 groups had a promale tran-
scriptome, probably at different stages of gonadal development.
Different Effects of Heat from Juvenile to Adult. Four different
patterns of gene expression profiles from 50 genes were observed
between heat-treated juveniles and adults in comparison with
their respective controls (Table 1 and SI Appendix, Table S5).
(i) Permanent effects involved genes that responded similarly both
in juveniles and adults. For example, dnd expression was consis-
tently and significantly down-regulated. (ii) Transient or incon-
sistent effects involved genes for which differences in expression
were observed in juveniles but not in adults, or those that
responded differently at the two stages. For example, sox9a was
up-regulated in juveniles but not in adults, and foxl2 expression
was up-regulated in juveniles but down-regulated in adults.
(iii) Delayed effects included genes, such as amh or dnmt3b, for
which differences were observed only in adults, long after the
heat treatment had ceased. (iv) No effect involved genes, such as
fshr, for which no significant differences were found between the
treated and control groups in juveniles or adults.
Then, we looked for cellular pathways involved in the heat
response and sex differentiation in the gonads. A total of 256
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
were differentially expressed among juveniles and adults treated
by heat (Dataset S5), 66 of which were unique and nonredundant
pathways. Among the nonredundant pathways, 42 were enriched
across the different adult groups analyzed (Fig. 5A) and included
signaling pathways that were known to be involved in gonadal
development. To further study the different effects of heat from
juvenile to adult, we also analyzed the common pathways
expressed in adults and juveniles, finding a total of 17 common
pathways (Fig. 5B and Dataset S5). Four important pathways for
ovarian development, namely Fanconi anemia, Wnt signaling,
oocyte meiosis, and progesterone-mediated oocyte maturation,
were down-regulated in FHT2 and in all of the adult male
phenotype groups compared with FCT (Fig. 5C). On the other
hand, three KEGG pathways that were involved in testis devel-
opment were up-regulated in all of the adult male groups and
FHT2 (Fig. 5C). These signaling pathways are the peroxisome
proliferator-activated receptor (PPAR) signaling pathway, cal-
cium signaling pathway in cardiac muscle contraction, and
cytokine–cytokine receptor interaction.
The same pathways were also affected in the control male
juveniles (JCT2) and heat-treated juveniles (JHT) compared with
control female juveniles (JCT1). Two of the pathways with promale
signaling elements (cardiac muscle contraction and cytokine–cyto-
kine receptor interaction) were up-regulated in the JHT group but
not differentially expressed in the JCT2 group (Fig. 5C). For the
four profemale pathways, two of them (oocyte meiosis and pro-
gesterone-mediated oocyte maturation) were down-regulated in
both JHT and JCT2 compared with JCT1, whereas the Wnt sig-
naling pathway was up-regulated only in the JHT group (Fig. 5C).
Discussion
In this study, we first optimized the conditions to examine the
effects of high temperature during early development on zebrafish
sex ratios. Then, we focused on identifying the associated changes
in the gonadal transcriptome at juvenile and adult stages.
Our results on sex ratio variation among, but not within,
families of domesticated zebrafish corroborate previous obser-
vations from other PSD systems (48–50), namely that at normal
temperatures offspring sex ratio has a genetic component with
strong influence of parental genotypes (30). These data support
the earlier claims that sex determination in domesticated
zebrafish is polygenic (30, 31, 33, 51). Then, with the tempera-
ture experiments performed in this study, we added an additional
level of complexity to this polygenic system by showing different
family-by-temperature crossing reaction norms, hence demon-
strating the existence of GxE interactions. Together, these re-
sults illustrate that domesticated zebrafish are more susceptible
to external environmental cues, most likely as a consequence of
having lost its sex-determining locus due to several generations
of manipulations (34). Hence, it is an excellent model for in-
vestigating environmental influences on sex determination. Our
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Fig. 4. Genome-wide transcriptomic analysis of juveniles (control, JCT; heat-
treated, JHT) analyzed at 37 dpf shows groups related to sex (JCT, n = 8; JHT,
n = 10). (A) PCA plot produced by expression profiles showing JCT clustered
into two groups, namely JCT1 (orange) with five individuals and JCT2 (dark
blue) with three individuals. All 10 JHT individuals (green) were placed in a
single group. (B) Hierarchical clustering of control and heat-exposed juve-
niles together with Tg(vasa:vasa-egfp) juveniles using the 425 differentially
expressed transcripts between JCT1 (orange) and JCT2 (dark blue). Juveniles
in the JCT1 group were most likely females, as they clustered with transgenic
juveniles that showed strong fluorescence intensity (future females; pink).
The JCT2 juveniles were most likely males, as they were in the same node as
the transgenic juveniles with weak fluorescence intensity (future males; light
blue). All of the 10 heat-treated juveniles (JHT; green) clustered with the
weak fluorescence transgenic juveniles and JCT2, indicating a similar male-
like transcriptomic profile regardless of their genetic sex.
E946 | www.pnas.org/cgi/doi/10.1073/pnas.1609411114 Ribas et al.
results, therefore, emphasize the interplay between genetic and
environmental influences and provide a potential explanation for
the variable sex ratios observed in zebrafish facilities across the
world, which are often unpredictable and biased.
The masculinizing effect of elevated temperature confirms pre-
vious results in zebrafish (36, 39) and correlates with results found in
the literature in many other fish species (for reviews, see refs. 16 and
18). However, previous transcriptional studies in zebrafish exposed
to temperature were restricted to the first 48 h postfertilization (41,
52). Our results, in contrast, provide a comprehensive analysis of the
short- and long-term effects of heat on the gonadal transcriptome of
both juvenile and adult zebrafish exposed to elevated temperatures
during the period of sex differentiation.
We thus exploited temperature effects to study the gonadal
expression profiles of heat-exposed fish, comparing individuals
that persisted as males, persisted as females, or were neomales.
During the course of this study, we examined the gonads of a
total of 1,202 untreated fish, 454 fish exposed to low tempera-
ture, and 826 heat-treated fish. Not a single intersex individual
with ovotestis was observed (i.e., all fish examined were either males
or females). Nonetheless, the possibility of finding intersex indi-
viduals among all experimental fish cannot be completely discarded.
A major finding is the discovery of two types of heat-exposed males
and two types of heat-exposed females, with each type having a
different transcriptomic profile. We found that most heat-treated
males (MHT1) had a gonadal transcriptome identical to that of
control males (MCT). The MHT1 males likely contain both genetic
males and neomales, whereas the rest of heat-treated males
(MHT2) were most likely neomales (described in detail below).
Heat-exposed females that remained phenotypic females were
either unaffected (FHT1) or affected (FHT2). Both types of
females maintained a normal ovarian morphology at the mac-
roscopic level. The gonadal transcriptome of FHT1 females was
essentially identical to that of control females (FCT); the underlying
Table 1. Effects of heat on zebrafish gonad gene expression
Juveniles Adults Type of heat effects Number of genes Examples
+ + Permanent 5 ctnnbip1, ddx4, dkk3, dnd
+ − Transient 10 piwil1, sox9a, foxl2, vtg5
− + Delayed 18 amh, cyp19a1a, dmrt1, dnmt3b
− − None 17 fshr, nr3c1, sox3, tp53
Juveniles refer to juvenile high temperature (JHT) vs. juvenile control temperature (JCT1), whereas adults
refer to female high temperature (FHT2) and male high temperature (MHT1 and MHT2) vs. FCT. A total of 50
genes with a cognate function in fish sex determination/differentiation in vertebrates were considered (see SI
Appendix, Table S5 for the complete set of genes). Genes are not affected (−) or significantly (P < 0.01) affected (+)
in the heat-treated groups compared with the controls.
MCT vs. FCT (54)
FHT2 vs. FCT (47)
MHT1 vs. FCT (56)
MHT2 vs. FCT (51)
Up-regulatedDown-regulated No change
A
C
B
JHT vs. JCT1 (31)Adult common (42)
KEGG ID KEGG Pathway description FHT2 MHT2 MHT1 MCT JCT2 JHT
Pro-female pathways
dre03460 Fanconi anemia pathway
dre04310 Wnt signaling pathway
dre04114 Oocyte meiosis
dre04914 Progesterone-mediated oocyte maturation
Pro-male pathways
dre03320 PPAR signaling pathway
dre04260 Cardiac muscle contraction
dre04060 Cytokine-cytokine receptor interaction
Fig. 5. Differentially expressed (DE) KEGG pathways found in juveniles and adult zebrafish exposed to heat during early stages of development (18 to 32 dpf)
in comparison with controls. (A) Venn diagram of common DE KEGG pathways found in adults FHT2 vs. FCT, MHT2 vs. FCT, MCT vs. FCT, and MHT1 vs. FCT (FC,
1.5×; FDR, P ≤ 0.05). (B) Venn diagram of DE KEGG pathways found between the common KEGG pathways obtained in adults (total of 42) and the heat-
treated juveniles (JHT vs. JCT1; FC, 1.5×; FDR, P ≤ 0.05). (C) List of pathways (four profemale and three promale) involved in the heat response and sex
differentiation in the gonads of juvenile and adult fish showing early activation of promale pathways in the heat-treated juveniles. Up-regulated KEGG
pathways are labeled in red, down-regulated are labeled in blue, and not differentially expressed are labeled in gray (FC, 1.5×; FDR, P ≤ 0.05).
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mechanism responsible for this resistance to heat is unknown and
deserves further research. On the other hand, FHT2 females had
gonad transcriptomes that were quite different from control ovaries
and, surprisingly, differed by only ∼1,200 DETs from MHT2 males
despite having different gonadal phenotypes. This difference rep-
resents just a fraction (8%) of the ∼15,000 DETs that were dif-
ferentially expressed between untreated females (FCT) and males
(MCT), which, in turn, account for a significant part of the esti-
mated number of protein-coding genes (>25,000) in zebrafish.
In fish, masculinization by elevated temperature usually involves
down-regulation of profemale genes, such as cyp19a1a and foxl2,
and up-regulation of promale genes, such as dmrt1 or amh (8–14).
In accordance with this general pattern, the FHT2 females with a
male-like gonadal transcriptome exhibited down-regulation of both
key profemale genes such as cyp19a1a and vtg5 as well as down-
regulation of profemale pathways such as oocyte meiosis, pro-
gesterone-mediated oocyte maturation, canonical Wnt signaling
(28, 53), and Fanconi anemia (26). Another profemale pathway, the
NF-κB pathway, involved in blocking apoptosis through an in-
flammatory process during ovarian development (27), was not
affected, although some of its genes (e.g., bcl2, nfkb, tradd) were
down-regulated. On the other hand, genes related to testis dif-
ferentiation such as amh and dmrt1 were up-regulated, together
with male-related pathways such as the calcium signaling path-
way in cardiac muscle contraction, which regulates Leydig cell
steroidogenesis in mice (54). We speculate that these FHT2
females are “superfemales” that were able to resist heat-induced
phenotypic masculinization, thus maintaining their ovarian mor-
phology despite changing their gonadal transcriptome to a testis-
like one. These FHT2 individuals did not likely have ovotestes,
as neither the histological analysis of their siblings’ gonads nor
extreme similarity of their gonadal transcriptome to that of
control males provided such indications. Missexing the gonads
based on their color and shape was unlikely, as adult zebrafish
gonads are sufficiently different, allowing for their classification by
trained eyes (SI Appendix, Tables S1 and S6). Thus, in our opinion,
the most likely explanation for the apparent controversy between an
ovarian gonadal phenotype and a testicular transcriptome is a major
shift in the ovarian gene expression landscape to a testis-like one
that was unable to force a complete gonadal transformation.
Therefore, given their importance for reproduction, the potential
resilience shown by gonads to the influence of external factors,
particularly in an organism known for its plasticity, seems notable.
An interesting open question for future studies concerns the
number and type of additional genes that would need to be altered
to cause not only transcriptional but also morphological sex re-
versal. Threshold hypothesis for heat-induced masculinization sup-
ports previous observations in the European sea bass in which heat-
resistant fish were females that could not be masculinized by high
temperature (55).
The discovery of heat-exposed females possessing ovaries with
apparently normal macroscopic phenotype and a near-testicular
expression profile potentially indicates major organ transcriptomic
reprogramming in vivo during the course of gonadal development
with preserved organ structure. It is known that, if conveniently
directed, reprogramming can change cell identity (56). Further,
epigenetic reprogramming is essential during vertebrate gonado-
genesis and early development (57). Although targeting the stem
cell microenvironment is believed to be important for proper tissue
reprogramming (reviewed in ref. 58), earlier attempts at induced in
vivo reprogramming in rodent models have resulted in the ap-
pearance of teratomas in multiple tissues (59). Our observation may
be linked to the extraordinary plasticity of fish gonads compared
with most other vertebrate tissues (60, 61), and constitutes an aspect
that deserves further study.
We also explored the effects of heat on juvenile fish, allowing
comparison of early vs. late changes in transcription profiles.
Only 425 transcripts showed differential expression between the
control juveniles of both sexes, thus representing a small fraction
of DETs identified between adult testis and ovary. For the juv-
enile RNA extraction, a portion of the trunk containing the
gonad was used, as it was technically challenging to isolate such a
small gonad organ. Therefore, this low number of DETs could be
due to the dilution effect from other tissues in the trunk. All
heat-exposed juveniles exhibited a male-like gonadal tran-
scriptome shortly after the end of the exposure period.
As with adults, female-related pathways such as oocyte meiosis
and progesterone-mediated oocyte maturation were down-regu-
lated. Interestingly, cardiac muscle contraction and cytokine–
cytokine receptor interaction processes that contain promale
pathways were up-regulated in the heat-exposed juveniles (JHT),
as observed in the groups with adult males (MCT, MHT1, and
MHT2) and heat-treated FHT2 females (Fig. 5C). However, these
promale pathways were not differentially expressed in the juvenile
control males (JCT2) compared with control females (JCT1). This
suggests that heat exposure during the juvenile phase activates
the promale pathways earlier than at the control temperature,
resulting in the observed male-like transcriptomic profile.
Regarding the neomales referred to earlier, we found that the
gonadal transcriptome of most neomales was very similar to that
of regular control males. We cannot exclude the possibility that
heat and other masculinizing factors such as stress (62) can
produce neomales with characteristics very similar to males. In
zebrafish facilities, these fish might be used as “males” in studies
of genetics, development, and so forth. We do not know whether
heat-induced neomales can produce male-biased offspring even
in the absence of elevated temperature, resulting in an epigenetic
transmission of altered states (63–65). In the European sea bass,
the first link between environmental temperature and sex me-
diated by an epigenetic mechanism was described (10). Heat-
exposed females exhibited increased DNA methylation of their
cyp19a1a promoter, with a concomitant reduction in cyp19a1a
mRNA levels, resulting in male-biased sex ratios (10). Epigenetic
modifications of cyp19a1a were also reported during sex change
in the rice field eel (66). In fish, transgenerational effects of heat
exposure have been recently described (67). In the tongue sole,
Cynoglossus semilaevis, which has a ZW/ZZ sex-determining
system as in wild zebrafish, heat-induced neomales were re-
sponsible for the epigenetic transmission of DNA-altered states,
resulting in the production of masculinized offspring even at
normal temperatures (68). DNA methylation changes occur due
to the activity of DNA methyltransferases (Dnmts). Dnmts have
been identified in zebrafish, and there is evidence that their
expression can change with temperature (69). In our study, we
found that the expression of dnmt3b, together with other key
reproduction genes (amh, cyp19a1a, dmrt1, etc.; Table 1), showed
heat responses with delayed effects, as their expression was altered
in adults but not in juveniles following termination of the heat
treatment. These results indicate that heat-induced masculinization
likely requires or involves epigenetic mechanisms and, based on the
evidence from other fish species (70, 71), further studies should
focus on transgenerational effects of heat and investigate whether
these lasting effects could be detected in subsequent generations.
Zebrafish is considered to have a wide thermal tolerance zone
(72) and lives in the 16.5 to 38.6 °C range of temperature in the
wild (73, 74). Interestingly, the elevated temperature used in this
study, 36 °C, falls within the above range. If the sensibility of
natural populations were similar to that found in laboratory
strains, even despite having an intact sex-determining mecha-
nism, then the question is whether wild populations exposed to
abnormally high temperature also contain sensitive families with
a proportion of sex-reversed females (neomales) and females
with ovaries expressing a male-like transcriptome, as found in
our study. Chances of finding these fish would increase during
particularly warm years, as a decline of wild-type zebrafish
populations due to climate change has been described recently
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(38). In other species, such as Nile tilapia, which can also tolerate
high temperatures, the presence of neomales has been strongly
suggested in Kpandu and Koka natural populations (75). If they
reach adulthood and reproduce, neomales can produce sex-biased
(75% females) progeny in a ZZ/ZW system, if the WW genotype
is viable (76), or 100% females in a XX/XY system (22). Severely
biased sex ratios may have potentially detrimental consequences
for population viability (77). Another important question is whether
the FHT2 individuals with a masculinized gonadal transcriptome
would be able to develop a fully mature gonad or not and, if so,
whether they would produce viable germ cells. This question poses a
puzzling technical difficulty, as it is impossible to identify an ovary
with a male-like transcriptome without extracting the gonad for
molecular analysis. Understanding the reproduction of these
females with a male-like transcriptome would be a challenge for
endocrinologists and reproductive physiologists alike. Finally,
finding the equivalent of our FHT2 females in zebrafish and/or
other species in the natural environment would mean that the
potential effects of elevated temperature should be reconsidered.
Conclusions
In this study, we developed a protocol to learn the mechanisms of
temperature-induced sex reversal in zebrafish. Our data demon-
strated that in domesticated strains, the sex ratio response to elevated
temperature is quite variable and family-specific, supporting a poly-
genic system of sex determination. We also show that elevated
temperatures result in a variable number of neomales with a tran-
scriptome similar to that of regular males but very different from that
of unaffected females. Strikingly, we discovered that some individuals
that have not been fully masculinized by the heat treatment had
ovaries with a male-like transcriptome, potentially indicating tran-
scriptomic reprogramming in vivo with preserved organ structure. To
the best of our knowledge, this has never been reported, providing a
sign of complex heat-induced masculinization effects in zebrafish that
should serve to inspire further studies. These results reveal a pre-
viously unknown thermal effect on fish gonads, and suggest new av-
enues for the detection of functional consequences of elevated
temperature in natural populations exposed to global warming.
Materials and Methods
SI Appendix provides a detailed description of the materials and methods
used in this study.
Fish and Husbandry. The AB zebrafish strain and the Tg(vasa:vasa-egfp)
zebrafish line of AB strain (78) were used for the temperature treatment
experiments. Breeding protocols and husbandry details can be found in SI
Appendix, Materials and Methods.
Fish were housed at the experimental aquarium facilities of the Institute of
Marine Sciences, CSIC according to approved institutional guidelines on the
use of animals for research purposes and in agreement with European
regulations of animal welfare (ETS N8 123,01/01/91). The Tg(vasa:vasa-egfp)
zebrafish line was maintained at the Temasek Life Sciences Laboratory (TLL)
Fish Facility according to the approved protocol of the TLL Institutional
Animal Care and Use Committee [approval TLL (F)-10-001].
Temperature Treatments. Temperature treatments initially involved 11 dif-
ferent families grown until adulthood plus additional families raised until
they were juveniles. We first defined the conditions (intensity, duration,
timing, and survival) to properly study the effects of elevated temperature on
zebrafish sex ratios within OECD guidelines (42). The control and high
temperatures were set at 28 and 36 °C, respectively, and the time of appli-
cation was set at 18 to 32 d postfertilization, coinciding with the period of
sex differentiation. Temperature treatments are described in detail in SI
Appendix, Materials and Methods.
Sampling and Histological Analysis. Gonads were collected at 37 (juveniles) and
90 (adults) dpf. To assess sex in adults, we used visual inspection of the gonad
under a dissecting microscope. The dissection of Tg(vasa:vasa-egfp) juvenile
zebrafish (35 and 42 dpf) was performed under a stereomicroscope equipped
with a universal light source to ensure that the gonad (expressing vasa-egfp)
was still intact in the trunk cavity after gutting. The fluorescence intensity
observed is indicative of the future sex, with strong and weak gonadal fluo-
rescence indicating future females and males, respectively. Fish sex was de-
termined individually after dissection, and the sex ratio was calculated for each
biological replicate. Both gonads were collected in the same tube and were
stored in liquid nitrogen for subsequent gene expression analysis or fixed with
PBS/paraformaldehyde and embedded in glycol methacrylate for histological
analysis. Further details of sampling protocols and histological analysis are
described in SI Appendix, Materials and Methods.
Microarray Analysis. A previously validated NimbleGen (Roche) custom zebrafish
expression microarray containing 31,477 unique sequences was used [National
Center for Biotechnology Information Gene Expression Omnibus (GEO) Platform
GPL17795]. Total RNA was extracted with TRIzol, and samples with mean RNA
quality indicator (RQI) ≥9 were used. Raw fluorescence intensity data were re-
trieved from the scanned images by NimbleScan, and quantile normalization and
background correction were applied. Microarray data were analyzed using Partek
Genomics Suite according to MIAME guidelines (79), and DETs were identified by
ANOVA using false discovery rate (FDR)-adjusted P ≤ 0.01 with at least a 1.5 fold
change (FC) for multiple-hypothesis testing. Microarray results were deposited in
the GEO database (accession no. GSE51434). Full details regarding the microarray
analysis are described in SI Appendix, Materials and Methods.
Validation of Differential Gene Expression by qPCR Array. A high-throughput
real-time qPCR array was designed to quantify the expression level of 50 genes,
including 35 genes used for validating themicroarray results. The qPCR array was
performed using the Biomark HD System (Fluidigm). All qPCR reactions were run
in triplicate. The genes eef1a1l1 and rpl13a were used as reference. Quantifi-
cation cycle (Cq) data were imported into GenEx Pro (MultiD Analyses AB) for
analysis. The relative quantity was calculated using juveniles (JCT1) or adult fe-
males (FCT) at control temperature as reference. Complete details of the qPCRs
and PCR data analysis can be found in SI Appendix, Materials and Methods.
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